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Neurons in the feline DMV, retrogradely labeled with horseradish peroxidase injected into the region of the lower esophageal sphincter, can be divided into two groups: one rostral and the other caudal to the obex (25) . Stimulation of different parts of the DMV results in either a decrease or increase in lower esophageal sphincter pressure and gastric motor activity, and both responses are abolished by vagotomy (25) . This suggests spatial organization of the vagal preganglionic neurons in the DMV. Stimulation of distinct populations of vagal preganglionic neurons in the DMV may result in activation of the vagal nerve mediating excitatory and inhibitory pathways to the stomach. In keeping with the aforementioned study in the cat, subsequent studies from our and other laboratories have demonstrated that microinjections of L-glutamate (L-Glu) into different regions of the DMV cause a different pattern of gastric responses in rodents. Microinjection of glutamate into the rostral part of the DMV evokes gastric contraction, whereas injection to the caudal part causes gastric relaxation in rats (8, 13, 20, 43) and mice (20) . Although these observations support the existence of vagal excitatory and inhibitory pathways, the specific nature of the neurons in the gastric myenteric plexus to mediate these actions remains to be characterized.
In vitro preparations have demonstrated a frequency-dependent release of various neurotransmitters in response to vagal stimulation. Low-frequency (2-5 Hz) stimulation of the myenteric nerve in the guinea pig myenteric plexus selectively evokes acetylcholine release, whereas high-frequency (10 -50 Hz) stimulation mainly stimulates VIP release (1) . Yokotani et al. (40) demonstrated that maximum release of acetylcholine in response to vagal stimulation was observed at 5 Hz in the rat stomach. Relaxation of rat fundic strips evoked by transmural stimulation at lower frequencies was completely abolished by N G -nitro-L-arginine, a NO synthesis inhibitor (17) . On the other hand, responses to stimulation at higher frequencies were reduced by trypsin. This suggested that relaxation of the rat gastric fundus in response to low-frequency stimulation was mediated by NO whereas peptidergic neurotransmitter(s) were released at higher frequencies (4). Takahashi and Owyang (36) confirmed these observations by demonstrating that vagal stimulated release of NO and VIP from the gastric myenteric neurons is frequency dependent. Vagal stimulation provoked a significant increase of NO in the stomach at 2.5 Hz; VIP release occurred mainly with vagal stimulation at a frequency greater than 10 Hz. In the same study, Takahashi and Owyang showed that a NO synthesis inhibitor, L-NAME markedly antagonized the rapid relaxation but had no effect on the delayed relaxation, whereas the VIP antagonist significantly reduced the delayed relaxation without affecting the rapid relaxation. Gastric contraction in response to vagal stimulation (5 Hz) was abolished by atropine (36, 40) . Hence, these studies demonstrate that activation of the vagus nerve evokes acetylcholine and NO/VIP release from the intragastric myenteric neurons via nicotinic synapse, which causes contraction and relaxation of the stomach, respectively. However, the central mechanisms controlling specific neurotransmitter release are not clear.
It has been demonstrated that microinjection of substance P into the nucleus raphe obscurus evokes vagal mediated gastric relaxation, a reaction that is partially blocked by the NO synthase (NOS) inhibitor and VIP antagonist (14) . This indicates involvement of NO and VIP release to mediate gastric relaxation in the whole animal. On the other hand, gastric relaxation may also be achieved by dysfacilitation of cholinergic input to the stomach. The central control of these two vagal pathways to mediate gastric relaxation is unknown.
Glutamate is a major excitatory neurotransmitter within the mammalian central nervous system. Several lines of evidence indicate that glutamate is involved in controlling the activities of DMV neurons. First, glutamate immunoreactivity is found in both axon terminals and cell bodies within the nucleus of the solitary tract and the DMV (27, 34) . Second, in vitro experiments have shown glutamate-induced excitatory synaptic currents (37) . Finally, several studies have demonstrated changes in gastric motor activity in response to microinjection of glutamate into the DMV of the rat (6, 8, 13, 15, 22, 30) . In the present study we used pharmacological and immunohistochemical methods to characterize the vagus pathways and the intragastric myenteric neurons mediating gastric contraction and relaxation. We hypothesized that, depending on the location, microinjection of L-Glu into the DMV may stimulate intragastric cholinergic neurons or NO/VIP neurons to mediate gastric contraction and relaxation respectively. Three markers were used in this study: choline acetyltransferase (ChAT), the enzyme that synthesizes acetylcholine; neuronal NOS (nNOS), the enzyme that synthesizes NO; and VIP, an inhibitory nonadrenergic, noncholinergic (NANC) transmitter in the gastrointestinal tract. Acetylcholine was considered to be a main excitatory neurotransmitter whereas NO and VIP were considered to be principal inhibitory transmitters in the gastrointestinal tract (5, 38) .
MATERIALS AND METHODS
Animal preparation. Experiments were performed on adult male Sprague-Dawley rats (250 -350 g), obtained from Charles River Laboratories (Wilmington, MA), in accordance with National Institutes of Health guidelines and as approved by the University of Michigan Health Center Institutional Animal Care and Use Committee. Before each experiment, food was withheld overnight but water was provided. The rats were anesthetized with an intraperitoneal injection of urethane (1.0 -1.25 g/kg). Catheters were inserted into the femoral artery and vein to monitor arterial blood pressure and drug injection, respectively. The depth of anesthesia was assessed by changes in blood pressure or by the reflex response to toe pinches. Both cervical vagus nerves were carefully isolated and the area was moistened with saline. A homeothermic blanket was used to maintain the body temperature at 37 Ϯ 1°C. If necessary, a tracheal cannula was used to facilitate artificial ventilation with room air via a small animal ventilator (Harvard Apparatus, Holliston, MA).
The surface of the medulla was exposed via a dorsal approach. Muscle covering the occipital part of the skull was carefully removed, and part of the occipital plate was then removed with a small rongeur. The dura was cut under the dissection microscope using a custommade needle. The cerebellum was retracted slightly and the subarachnoid covering was carefully removed. The calamus scriptorius (CS), which was defined as the caudal-most pole of the area postrema (AP), was used as a landmark to locate the DMV (8) .
IGP measurement. Intragastric pressure (IGP) was measured by a method previously described by Lu and Owyang (18) . Briefly, following laparotomy, an intragastric balloon made from the little finger of a small latex glove was tied around a section of polyethylene tubing (PE 160) and inserted into the body of the stomach via a small incision made in the duodenum. The balloon was secured with a suture to prevent movement. The tubing was connected to a pressure transducer, which was connected to an amplifier (TBM4M, WPI). The stomach was inflated by introducing warm saline (1.0 -2.0 ml) into the balloon to achieve a baseline pressure of 5-10 cmH 2O. The animal was then positioned in a stereotaxic apparatus. IGP was displayed online by using a Cambridge Electronic Design Micro1401 dataacquisition system (Cambridge, UK).
Microinjection studies. Five-barreled glass micropipettes were used for microinjection of L-Glu (Sigma-Aldrich, St. Louis, MO). The multibarreled micropipettes (tip diameter, 15-30 m) filled with L-Glu (0.1, 0.25, 0.5, and 1.0 pmol/nl), saline, and Fluoresbrite microbeads (0.50 m, Polysciences, Warrington, PA) in separate barrels were connected to a nanopump (PV830, WPI). The glass micropipettes were guided by a micromanipulator.
The DMV was divided into rostral and caudal regions on the basis of its anatomical relationship with the AP. The portion of the DMV extending from the CS to the anterior border of the AP was defined as the "rostral DMV," and the portion of the nucleus extending caudal from the CS was defined as the "caudal DMV." Injections were made at the level of the rostral-most region of the AP (i.e., the rostral DMV) and at the level caudal to the CS (i.e., the caudal DMV). All microinjections were delivered either on the right or left DMV. Injections were given in volumes of 20 nl over a period of 10 -15 s. Stereotaxic coordinates were originally chosen on the basis of histological materials presented by Paxinos and Watson (21) . Final coordinates for placements of the tip of the multibarrel glass micropipette within the rostral DMV (coordinates: 0.2-0.6 mm rostral to the CS, 0.3-0.6 lateral from the midline, and 0.5-0.7 mm ventral from the dorsal surface of the medulla) were selected on the basis of our previous studies (8) wherein microinjection of L-glutamate produced transient elevations in IGP. Conversely, coordinates for placements within the caudal DMV (coordinates: 0.0 to 0.3 mm caudal from the CS, 0.3-0.5 mm lateral from the midline, and 0.6 -0.8 mm ventral from the dorsal surface of the medulla) were determined from sites where injections of L-Glu evoked gastric relaxation.
The injection site was marked by fluorescein-labeled fluorescent microbeads for postmortem identification at the end of the experiment. At the end of each experiment, rats were killed by intravenous injection of an overdose of urethane and the brain was quickly removed and fixed with 4% buffered paraformaldehyde over 72 h. The medulla was sectioned (50-m cross sections) on a cryostat. The sections were initially examined with a fluorescence microscope to determine the location of the injection sites. Fluoresbrite microspheres (excitation, 360 nm) fluorescence was visualized by using a UV filter set 01 (excitation 365 Ϯ 12 nm, emission LP 397 nm). Computer images of the sections were digitized, and then sections were stained with neutral red for identification. The location of the center of each injection (determined as the center of the visible fluorescence produced by the beads) was placed on the cross section plot. The section with the largest cross-sectional area of the beads was used to deter-mine the center of the injection according to the atlas of Paxinos and Watson (21) .
Experimental protocol for L-Glu-induced gastric responses. IGP responses after microinjection of L-Glu into the DMV were studied. To characterize the neurotransmitters of the vagal efferent pathways, the following chemicals were injected intravenously: hexamethonium bromide (10 mg/kg), atropine (0.5 mg/kg), L-NAME (10 mg/kg), and a VIP antagonist (10 Ϫ6 M) (Bachem, Torrance, CA). The doses of antagonists used were based on previous studies demonstrating effective blocking of gastric contraction or relaxation evoked by vagal stimulation (36) . To determine whether the glutamate-induced changes in IGP were due to activation of preganglionic motor neurons in the DMV, cervical vagotomy was performed to test whether drug-induced changes in IGP were vagally mediated. In these experiments, IGP studies were only performed in those rats whose blood pressure and breathing had returned to baseline and remained stable for at least 15 min (8) .
Analysis of microinjection data. Data from IGP measurements were analyzed using the Spike2 program designed for the CED dataacquisition system. Prior to initiation of microinjections, values were calculated over a 5-min control period during which the baseline IGP trace remained stable. The lowest points of the IGP trace obtained over the 5-min segment were averaged, and the results were used as an index of gastric tone. After microinjections of drug into the DMV, the maximum or minimum value in the IGP trace (also derived from a 5-min segment) was taken to represent the largest change in gastric tone. The peak increases and decreases in IGP were compared with the preinjection baseline levels.
Tissue preparation for immunofluorescent labeling. Rats were anesthetized with urethane (1.0 -1.25 g/kg ip). Stimulation of the DMV with L-Glu was performed in two groups of rats. In one group (n ϭ 6), L-Glu was microinjected into the left rostral part of the DMV, and in the other group (n ϭ 5), microinjection was performed in the left caudal part of the DMV. Detection of L-Glu-stimulated c-Fos expression in the intragastric myenteric neurons was performed. L-Glu (10 nl, 1 pmol/nl) was injected over a period of 10 -15 s each time with a 5-min interval, for 30 min. Saline injections were performed in a similar fashion in another group of rats (n ϭ 4), which served as the controls. At the end of the experiment, the microinjection electrode was removed and the rats were left for 60 min before tissue preparation. Sixty minutes were allowed because it has been shown that maximal expression of c-Fos occurs at 60 min after termination of stimulation (41) . Our preliminary studies confirmed that there was no significant difference between 60 and 90 min, and this period appeared to be optimal for c-Fos expression studies. Rats were euthanized with an overdose of urethane. For preparation of tissue sections, rats were perfused transcardially with 100 ml of PBS (0.1 M), followed by 300 -500 ml of ice-cold 4% paraformaldehyde in PBS (0.1 M, pH 7.4). The brain stem was removed for histological identification of the microinjection site. The stomach was removed and divided along the curvatures into ventral (ipsilateral to the microinjection site in the brain stem) and dorsal (contralateral to the microinjection site in the brain stem) parts. Both parts were postfixed overnight in the same fixative in PBS and placed in 20% sucrose in PBS (0.1 M) for 2 days. Subsequently, the tissues were rinsed in PBS, cut into 5 ϫ 5 mm blocks, cryoprotected in sucrose, and frozen in a mixture of 20% sucrose and Tissue-Tek (Bayer, Elkhart, IN) OCT embedding compound. Coronal sections (20-m thick) were cut using a cryostat and mounted on SuperFrost glass slides. The slides with brain stem slices under coverslips were placed in a humid immunohistochemistry chamber for immunofluorescent labeling. To obtain whole-mount gastric preparations, the stomach was removed and opened along the greater and lesser curvature. The gastric fundus and corpus were pinned flat in a Sylgard-coated petri dish filled with ice-cold Krebs' solution. The mucosa was removed and the tissue was fixed for 2 h in Zamboni's solution containing 2% paraformaldehyde. The tissue was rinsed in PBS (0.1 M) and the whole-mount preparations were prepared by removal of the circular muscle layer.
Immunofluorescent labeling. Immunohistochemical detection of c-Fos protein in activated neurons and neurochemical coding of these neurons were performed by using immunofluorescent labeling procedures. Sections or whole-mount preparations that contained the myenteric plexus were washed (3 times for 5 min each time) in PBS and preincubated in a blocking solution containing 5% normal donkey serum and 0.3% Triton X-100 in PBS. The preparations were then incubated with the primary antibodies for 12-22 h at room temperature. The following antiserum and antibodies were used: rabbit antiFos (Ab-5, 1:10,000, Oncogene), goat anti-ChAT (1:250, Chemicom), mouse anti-neuronal NOS (1:500, BD Biosciences, San Jose, CA), and sheep anti-VIP (1:1,000, Chemicon). After incubation with the primary antibodies, the preparations were washed three times in PBS (5 min each time) and then incubated for 60 min at room temperature with species-specific secondary antibodies conjugated to fluorescein isothiocyanate (FITC, 1:100, Jackson ImmunoResearch) or Alexa Fluor 488 (1:250, Molecular Probes) and cyanine dye Cy3 (1:250, Jackson ImmunoResearch). Tissues were washed three times (5 min each time) in PBS. Subsequently, whole-mount preparations were mounted on gelatin-coated glass slides. The sections and whole-mount preparations were coverslipped with anti-fading aqueous mounting medium (Gel/Mount, Biomeda, Foster City, CA). Tissues were examined and photographed by use of a Zeiss Axioplan2 fluorescent Fig. 3 . Effects of hexamethonium, atropine, N G -nitro-L-arginine methyl ester (L-NAME), and VIP antagonist on L-Glu-induced changes in IGP. Microinjections of L-Glu (10 pmol, 20 nl) were administered into the rostral (A) and caudal (B) DMV. A: pretreatment with hexamethonium (HEX, 10 mg/kg iv), a ganglionic nicotinic blocking agent, blocked L-Glu-induced gastric contraction (n ϭ 4) (left). This suggests that microinjection of L-Glu into the rostral part of the DMV evokes gastric contraction via preganglionic cholinergic pathways. Pretreatment with atropine (ATR, 0.5 mg/kg iv) markedly inhibited the L-Glu-induced increase in IGP (n ϭ 5) (right), suggesting that microinjection of L-Glu into the rostral part of the DMV evokes gastric contraction mainly via intragastric cholinergic neurons. B: pretreatment with hexamethonium (10 mg/kg iv) blocked L-Glu-induced gastric relaxation (n ϭ 5), indicating that gastric relaxation evoked by microinjection of L-Glu into the caudal part of the DMV is mediated via preganglionic cholinergic pathways. Administration of L-NAME (10 mg/kg iv), a potent inhibitor of nitric oxide synthesis, partially inhibited gastric relaxation induced by microinjection of L-Glu into the caudal part of the DMV (n ϭ 7). Similarly, pretreatment with VIP antagonist (VIPantag, [p-chloro-D-Phe6, Leu17] VIP, 30 nmol/kg) also reduced gastric relaxation evoked by L-Glu (n ϭ 7). Combined administration of L-NAME and VIP antagonist completely blocked gastric relaxation (n ϭ 4). These findings suggest that gastric relaxation evoked by L-Glu injected into the caudal part of the DMV is mediated by intragastric nitric oxide synthase (nNOS)-and VIP-containing neurons. *P Ͻ 0.05 compared with L-Glu administration.
microscope. The FITC-, Alexa Fluor 488-, or rhodamine-labeled elements were visualized with appropriate filters. Filter set 10 (excitation 450 -490 nm and emission 515-565 nm) was used for the visualization of FITC and Alexa Fluor 488; the filter cube used for Cy3 visualization was filter set 15 (excitation 546 Ϯ 12 nm and emission LP 590 nm). Images were recorded by AxioCam camera (Zeiss) and AxioVision software (Zeiss). Specificity of immunohistochemistry labeling was tested by a variety of control experiments. Omission of the primary antibody resulted in no staining. Preparations were also examined under a LSM 510 laser scanning confocal microscope mounted on a Zeiss Axiovert 100M inverted microscope. Digital camera images of 1,012 ϫ 1,012 pixels were processed with image-analysis software (Zeiss LSM Image browser V3.5).
Quantitative analysis of c-Fos expression in intragastric myenteric neurons that displayed nNOS, ChAT, or VIP immunoreactivity. L-Glu was microinjected into the left part of the DMV. Stomach tissues from either the ventral part (ipsilateral to the site of stimulation of the DMV) or the dorsal part (contralateral to the site of stimulation) of the corpus were examined by double immunostaining of c-Fos with ChAT, nNOS, or VIP antibody. By using a fluorescent microscope (Axioplan2, Zeiss) with ϫ20 or ϫ40 objectives, ChAT-, nNOS-, and VIP-immunoreactive neurons in myenteric ganglia were counted in each ganglion. Only neurons within the border of intact myenteric ganglia were counted. Similar numbers of either ChAT-, nNOS-, or VIP-immunoreactive neurons in the dorsal part of the stomach were examined for c-Fos expression as an experimental control to ensure that c-Fos expression in the intragastric myenteric ganglia was the result of activation of the vagal pathway by L-Glu stimulation of the brain stem and not due to nonspecific stimulation-induced effects such as gastric contraction or relaxation and others. Four rats injected with saline were used, and a similar number of gastric myenteric neurons in the stomach were also examined for experimental control.
Data analysis. For both the immunochemistry studies and IGP studies, values were expressed as means Ϯ SE. Statistical analysis was performed by either one-way ANOVA followed by StudentNewman-Keuls multiple-comparisons test or Student's t-test. Significance was accepted at the level of P Ͻ 0.05.
RESULTS

L-Glu-induced changes in IGP.
Microinjection of L-Glu into the rostral and caudal parts of the DMV evoked opposite changes in IGP. As shown in Fig. 1 , microinjection of L-Glu (10 pmol, 20 nl) into the rostral part of the DMV caused a transient increase in IGP without affecting the mean arterial pressure. By contrast, microinjection of the same dose of L-Glu into the caudal part of the DMV evoked a decrease in IGP resulting in intragastric relaxation (Fig. 1) . Again, these changes occurred without any change in mean arterial pressure. The ability of L-Glu to cause contraction or relaxation appeared to be transient, and the IGP returned to basal values within 1-5 min. In the controls, microinjection of 20 nl of saline into the rostral or caudal parts of the DMV did not cause any significant changes in IGP or arterial blood pressure.
The effect of microinjection of L-Glu into the rostral or caudal parts of the DMV appeared to be dose related. Representative IGP recordings in response to microinjection of different doses of L-Glu into the rostral and caudal parts of the DMV are shown in Fig. 2 . Microinjections of 5, 10, and 20 pmol L-Glu (20 nl) into the rostral DMV caused respective dose-related increases in IGP of 1.43 Ϯ 0.3, 1.91 Ϯ 0.1, and 3.2 Ϯ 0.6 cmH 2 O (n ϭ 7, P Ͻ 0.05, Fig. 2 ). In contrast, microinjections of the same doses of L-Glu (20 nl) into the caudal part of the DMV produced dose-related decreases in IGP of Ϫ1.04 Ϯ 0.07, Ϫ1.9 Ϯ 0.2, and Ϫ3.8 Ϯ 1.0 cmH 2 O, respectively (n ϭ 6, P Ͻ 0.05, Fig. 2) .
Pharmacological studies of the effect of L-Glu on IGP. Further studies were performed to determine the neural pathways activated by microinjection of L-Glu into the rostral and caudal parts of the DMV. Intravenous administration of hexamethonium (10 mg/kg) completely prevented gastric contraction evoked by L-Glu (10 pmol) microinjected into the rostral part of the DMV (reduction by 93.3 Ϯ 4.2% compared with control, n ϭ 4) and gastric relaxation evoked by injection of the same dose of L-Glu into the caudal part of the DMV (reduction by 93.5 Ϯ 2.9% compared with control, n ϭ 5) (Fig. 3) . This suggests that L-Glu acts on the DMV to mediate gastric contraction and relaxation via preganglionic cholinergic pathways. In separate studies, we demonstrated that atropine (0.5 mg/kg iv) inhibited gastric contraction evoked by microinjection of L-Glu (10 pmol) by 85.5 Ϯ 4.5% (n ϭ 5, P Ͻ 0.05) (Fig. 3) . On the other hand, gastric relaxation evoked by microinjection of L-Glu (10 pmol) into the caudal part of the DMV was reduced by pretreatment with either L-NAME (10 mg/kg iv) (52.5 Ϯ 11.9%, n ϭ 7, P Ͻ 0.05) or VIP antagonist (10 Ϫ6 M) (56.3 Ϯ 14.9%, n ϭ 7, P Ͻ 0.05) (Fig. 3) . Combined administration of L-NAME and VIP antagonist markedly inhibited gastric relaxation evoked by L-Glu (87.8 Ϯ 4.3%, n ϭ 4, P Ͻ 0.05) (Fig.  3) . These observations suggest that L-Glu-induced gastric relaxation was mainly mediated by the release of NO and VIP in the gastric myenteric neurons. The locations of the microinjection sites were determined by postmortem examination as described in MATERIALS AND METHODS (Fig. 4 and Fig. 5) .
Differential activation of intragastric ChAT-and nNOS/ VIP-containing neurons by microinjection of L-Glu into the rostral and caudal DMV.
Staining of c-Fos immunoreactivity combined with double or triple labeling of ChAT, nNOS, and/or VIP antibody were performed to identify intragastric myenteric neurons activated by injection of L-Glu into the rostral or caudal parts of the DMV. Immunohistochemical detection of protein products of the immediate early gene c-Fos in the intragastric myenteric neurons was used to identify the activation of postganglionic neurons in the stomach. c-Fos immunoreactivity was detected in the nuclei of intragastric myenteric neurons containing ChAT, nNOS, or VIP (Fig. 6) . Stimulation of the rostral part of the DMV by L-Glu predominantly activated cholinergic neurons, as c-Fos expression was mainly detected in intragastric ChAT-containing neurons (Fig.  6, 7) . In contrast, microinjection of L-Glu into the caudal part of the DMV, which caused gastric relaxation, stimulated c-Fos expression in neurons containing nNOS and VIP but not ChAT (Figs. 6 and 7) . ChAT and nNOS immunoreactive neurons were not colocalized in the same group of intragastric myenteric neurons.
Quantitative analysis of intragastric myenteric neurons that expressed ChAT, nNOS, or VIP immunoreactivities and were c-Fos-positive after L-Glu administration was performed; the data are summarized in Table 1 myenteric neurons expressed nNOS and VIP immunoreactivities, respectively, in response to microinjection of L-Glu into the caudal DMV (Table 1) .
In the control group, very few c-Fos-positive neurons were observed in the stomach wall contralateral to the microinjection site. Similarly, only a few c-Fos-positive neurons were found in saline-injected group.
DISCUSSION
It has been suggested that the excitation of vagal motor neurons that increases contractility acts by stimulation of cholinergic postganglionic enteric neurons in the stomach, whereas excitation of vagal neurons that inhibit gastric motility is thought to result from the activation of vagal neurons that synapse with postganglionic NANC intragastric motor neurons (5, 38) . Our results confirmed and extended these observations by clearly showing that, first, spatial organization in the rat DMV controls gastric contraction and relaxation. Depending on the location of the microinjection, L-Glu caused gastric contraction when injected into the rostral part of the DMV and relaxation when injected into the caudal part of the nucleus. Second, L-Glu activates DMV cholinergic preganglionic neurons that synapse with intragastric cholinergic neurons or nitrergic/VIPergic neurons in the gastric wall to mediate gastric contraction and relaxation, respectively.
In this study we employed urethane as anesthetic since it has been used successfully to investigate the effect of DMV stimulation on gastric motor function in rats (29) . However, it is recognized that urethane may have adverse effects on the central nervous system that can complicate interpretation of data. To clarify this issue we have repeated some of our motility studies in rats anesthetized with a mixture of Xylocaine and ketamine and found that they produced similar results (data not shown) (29) .
In addition to cholinergic neurons, nNOS-containing neurons are present in the DMV and found primarily in the most rostral end, although some have been identified at a site in the DMV caudal to the obex (9, 14) . These NOS-containing neurons in the DMV (14) innervate the lower esophageal sphincter (10) and stomach (41) via the vagus nerve. Consequently, it has been proposed that nitrergic neurons in the DMV are involved in gastric relaxation (14, 42) . In the present study, the inhibitory responses of the stomach evoked by L-Glu injected into the caudal part of the DMV were blocked by hexamethonium, a nicotinic receptor antagonist. This suggests that projections of the cholinergic neurons in the DMV synapse with myenteric neurons in the stomach. Studies with L-NAME and a VIP antagonist further delineate the nature of these postsynaptic pathways in the gastric wall. The neurons in the caudal part of the DMV are likely cholinergic, synapsing with NANC-, NO-, and VIP-containing intragastric myenteric neurons to mediate gastric relaxation. Since most DMV neurons contain glutamate receptors (2, 12) , microinjection of L-Glu would excite neurons in this nucleus, including cholinergic and NOS-containing neurons. However, because hexamethonium blocked glutamate-induced gastric activities, nitrergic neurons in the DMV are unlikely to play a role, if any, in glutamateinduced gastric relaxation. Alternatively, the strength of the stimulation evoked by the doses of L-Glu used in this study was not strong enough to excite those NOS-containing neurons.
L-Glu stimulation of the rostral part of the DMV produced gastric contraction. Immunocytochemistry studies revealed that c-Fos expression was mainly found in intragastric ChATcontaining neurons (88%). However, c-Fos expression was Each column shows the number of ChAT-or nNOS-or VIP-containing neurons that were c-Fos positive divided by the total number of c-Fos-positive neurons. L-Glutamate; DMV, dorsal motor nucleus of the vagus; ChAT, choline acetyltransferase; nNOS, neuronal nitric oxide synthase. *P Ͻ 0.05. also detected in some NOS-containing (7.3%) and some VIPcontaining (2.8%) intragastric myenteric neurons, which indicates that some of the NANC neurons were activated during the stimulation. Indeed, it has been reported that stimulation of neurons in the rostral part of the DMV may evoke minor gastric relaxation (15) . This finding may be explained by our observations that a group of neurons in the rostral part of the DMV may have a synaptic connection with intragastric NANC neurons producing relaxation. However, the excitatory effects were dominant when neurons in the rostral part of the DMV were activated by L-Glu, overriding the minor inhibitory effects of NANC neurons.
L-Glu stimulation of the caudal part of the DMV produced gastric relaxation. Our immunocytochemistry studies revealed that c-Fos expression was mainly found in nNOS-(81%) and VIP-(39%) containing neurons. Pharmacological study demonstrated equal contribution of NO and VIP (NO vs. VIP: 47.1 vs. 43.6%) to mediate gastric relaxation, in response to L-Glu stimulation at a dose of 10 pmol. It is conceivable that not all of the intragastric NOS-containing neurons innervate gastric muscle. Some of these neurons may innervate blood vessels or secretory cells. Interestingly, c-Fos expression was also found in some ChAT-containing neurons (16.9%) when L-Glu was injected into the caudal part of the DMV. In the present study, L-Glu-induced gastric relaxation was blocked by hexamethonium. The IGP remained at baseline after hexamethonium treatment. In the guinea pig, gastric cholinergic and nitrergic neurons are mostly separated and colocalization has not been documented (39) . It was reported that 10 to 12% of intragastric cholinergic neurons contain VIP (28, 39) . In human rectum there is an even greater degree of colocalization between ChAT and VIP neurons (28) . Our quantitative data was obtained by a double immunostaining technique. Consequently, ChAT-positive neurons could also contain VIP. Takahashi and Owyang (36) showed that optimal NO and VIP release occurred at different frequencies of electrical stimulation. Release of NO occurred at a lower intensity and VIP releases at a higher intensity in response to vagal stimulation. It is conceivable that L-Glu stimulation of the caudal part of the DMV selectively evoked VIP release from ChAT/VIP neurons.
There is ample evidence that neurons in the solitary tract nucleus utilize either GABA or glutamate as neurotransmitters to mediate inhibitory and excitatory effects on the DMV neurons (37). Sivarao et al. (31) demonstrated that although there is no direct evidence for tonic glutamatergic inputs to the DMV, administration of GABA receptor antagonist induced gastric contraction via a glutamatergic pathway since kyneurenic acid abolished gastric contractions induced by bicuculline. One possible explanation is that tonic GABA inputs act on the presynaptic GABA receptor to inhibit glutamate excitatory inputs to DMV neurons. Our demonstration that neurons of the DMV are highly sensitive to L-Glu stimulation indicates that glutamate can directly stimulate the DMV to modulate gastric motility via the vagal pathways. It has been shown that stimulation of the nucleus of the solitary tract by L-Glu causes a change in blood pressure along with changes in IGP (32, 33) . Elevated blood pressure alone may also cause changes in gastric pressure. In a dog study, Semba et al. (26) observed that a gastric excitatory response was accompanied by a decrease in blood pressure, whereas a gastric inhibitory response was accompanied by an increase in blood pressure. In our studies, blood pressure remained unchanged during microinjection of L-Glu into the DMV (Fig. 1 ). Our data demonstrate that L-Glu-induced changes in gastric motility were eliminated by ipsilateral vagotomy. This strongly suggests that L-Glu-induced changes in gastric motility are caused by stimulation of neurons in the DMV rather than stimulation of the nucleus of the solitary tract or evoked by other secondary effects such as changes in blood pressure.
In summary, we have demonstrated that depending on the location of the stimulation (i.e., rostral or caudal) L-Glu may activate DMV neurons to mediate gastric contraction and relaxation. Cholinergic neurons in the gastric corpus mainly respond to L-Glu stimulation of neurons in the rostral part of the DMV; both nitrergic and VIPergic neurons are responsive to L-Glu stimulation in the caudal part of the DMV producing gastric relaxation. This spatial organization of the DMV cholinergic neurons provides the structural basis for differential regulation of DMV neurons projecting to the stomach. Different groups of glutamate-containing neurons from the brain stem or higher centers projecting to the DMV may regulate gastric contraction or relaxation depending on whether they synapse with cholinergic neurons in the rostral or caudal part of DMV.
GRANTS
